Switching manufacturing of composite battery electrodes from an organic system to an aqueous system provides both economic and environmental advantages. However, particle agglomeration of the electrode components and poor wetting of electrode dispersions to the current collectors are inherently introduced. Particle agglomeration can be mitigated by selection of appropriate dispersants. This research examines the effect of dispersant, poly(ethyleneimine) (PEI), on the associated morphology and electrochemical performance of LiFePO 4 . The addition of PEI reduces the agglomerate size and contributes to a more homogeneous distribution of cathode constituents, which results in a smoother, more uniform cathode surface. The LiFePO 4 cathodes with PEI demonstrated a higher Li + diffusion coefficient (1 × 10 −14 cm 2 s −1 ), better initial capacity (>142 mAh g −1 ), greater capacity retention (∼100%), and superior rate performance compared to the cathodes without PEI. When PEI concentration was varied, the LiFePO 4 cathode with 2 wt% PEI exhibited the best performance at 167 mAh g −1 capacity (98% of the theoretical capacity) and 100% retention after 50 cycles when discharged at 0.2C at 25 • C in a half cell. Rechargeable lithium-ion batteries have been applied to electric vehicles (EVs) recently and production of EVs is foreseen to increase substantially in the near future. However, application to EVs is limited by performance and cost.
Rechargeable lithium-ion batteries have been applied to electric vehicles (EVs) recently and production of EVs is foreseen to increase substantially in the near future. However, application to EVs is limited by performance and cost. 1 It is essential to develop new processes to manufacture lithium-ion batteries at low cost and with little environmental impact. The key to reducing the cost of lithium-ion batteries lies in utilizing low cost materials and developing low cost material processing 2 since these materials and the associated processing can make up over 70% of cell material cost of lithium-ion cathode. 3 For conventional lithium-ion batteries, composite cathodes are manufactured through a slurry coating process in which active materials are mixed with additives in a solvent; Poly(vinylidene fluoride) (PVDF) and N-methyl-2-pyrrolidone (NMP) are the typical binder and solvent, respectively. Switching the manufacturing of composite cathodes from an organic system to an aqueous system provides a pathway to reduce cost, in which expensive NMP (>$2.25/L when purchased in large quantity) is replaced with deionized water ($0.015/L). The expensive process for recovering and repurifying of NMP would also be eliminated. 4 Based on a recent internal Oak Ridge National Laboratory (ORNL) processing study (unpublished results) , this approach has a potential to save up to 70% in the electrode processing steps, translating to a 12% reduction of the overall battery pack cost. Additionally, replacing PVDF with water soluble binders, such as xanthan gum, [4] [5] [6] carboxymethyl cellulose (CMC) 7, 8 or styrene-butadiene rubber (SBR) 9 would further reduce the cost. 10 According to Zackrisson et al., 11 replacing NMP with water in manufacturing of lithium-ion batteries also reduces global warming impact by reducing life cycle emission of CO 2 equivalents from 4400 kg to 3400 kg for a 10 kWh battery. Thus, the overall electrode manufacturing process would become substantially more environmentally benign; consequently, there is growing interest in fabricating composite cathodes through aqueous processing. 4, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Most efforts in fabrication of composite cathodes of lithium-ion batteries through aqueous processing have been made in two areas: improving the wetting of cathode dispersions on the Al foil substrate 6 and controlling agglomeration in cathode dispersions. 4, 14, 18, 19, 22 In our previous work, it was reported that the wetting of aqueous LiFePO 4 dispersion on an Al foil substrate was dramatically improved (contact angle between dispersions and Al foil decreasing from 41.8
• to 0 • ) by increasing the substrate's surface energy and polarity via a corona * Electrochemical Society Active Member.
z E-mail: lij4@ornl.gov plasma treatment, and the resulting LiFePO 4 cathodes exhibited superior performance (∼20 mAh g −1 improvement). 6 Sisbandini et al., improved LiFePO 4 cathode capacity through polyetheramine coating on LiFePO 4 particle surface, which enhanced the wettablility of aqueous electrolyte on LiFePO 4 particle and protected LiFePO 4 from forming Li 3 PO 4 . 23 Some success has been reported in controlling agglomeration in aqueous cathode dispersions. Porcher et al., chose a non-ionic dispersant (Triton X-100) to improve the dispersion of carbon black. 19 Li et al., used polyacrylic acid (PAA-NH 4 ) 14 to improve the dispersions of a LiCoO 2 composite cathode and poly (4-styrene sulfonic acid) (PSSA) 18 to improve a LiFePO 4 composite cathode. Better performance has been observed with the dispersants.
Based on other work from our group, 4 poly(ethyleneimine) (PEI) was selected as the dispersant for LiFePO 4 based on the zeta potential results. LiFePO 4 exhibited a negative charge on particle surfaces at pH > 4.3 4 while PEI has been shown to yield a positive charge in aqueous ceramic suspensions at pH < 10. 24 It would be easy for PEI to adsorb on LiFePO 4 particle surfaces. The aqueous LiFePO 4 dispersions exhibited Newtonian behavior with 1.5 wt% PEI and the agglomerate size was minimized. 4 The distribution of electrode components was also more homogeneous with the addition of PEI. However, those efforts focused on the PEI effect on the stability and rheology of LiFePO 4 aqueous dispersions, and the PEI effect on LiFePO 4 performance was not discussed. In this work, the positive effects of PEI addition on the LiFePO 4 cathode coating morphology and performance will be addressed.
Experimental
LiFePO 4 (2-3wt% C, P2, Phostech Lithium Inc.), Super P C45 (Timcal) (C45 hereafter), xanthan gum (Nuts Online) and PEI (M w = 25,000 g mol −1 , Sigma-Aldrich) were the materials used in this study. Molecular structure of PEI is shown in Figure 1 . PEI is stable between 2.5 to 4.3V as evidenced by the cyclic voltametry (CV) results in Figure 4 . The C45 (BET surface area ∼45 m 2 g −1 ) was used as the carbon black. Xanthan gum is a cheap, nontoxic binder that has been successfully used in lithium-ion batteries. [4] [5] [6] The aqueous LiFePO 4 dispersions were prepared with the same procedures as those described in our previous work. 4 The components in all the dispersions were maintained at the following by weight ratio where LiFePO 4 /C45/PEI/xanthan gum/H 2 O = 100/10/0-2.0/2.5/350.
The dispersions were coated ultilizing a custom slot-die coater (Frontier Industrial Technology) on pretreated Al foil and dried in a heating zone consisting of two IR lamps and seven convection ovens. The Al foil was pretreated by corona discharge (Compak 2000, Enrocon) at 1 kW and 10 ft min −1 in order to improve its surface energy as discussed previously. 6 The dried cathodes were further dried in a vacuum oven at 90
• C for an additional 2 h before being assembled into half cells. The morphology of the dried LiFePO 4 green tapes (without secondary vacuum drying) with and without PEI was characterized by a scanning electron microscopy (SEM) (JEOL 6500 FEG-SEM) and an optical microscope (VHX-1000, Keyence).
2032 coin cells were assembled inside a glove box with LiFePO 4 and Li metal as the cathodes and counter electrodes, respectively. Celgard 2325 was used as the separator. The cathodes had a loading of 2. 
Results and Discussion
Morphology of LiFePO 4 cathodes.- Figure 2 shows the surface morphology of the LiFePO 4 cathodes. There were significant agglomerates, cracks and large pores in the cathode without PEI (Figure 2a) . In contrast, the cathodes with PEI exhibited improved morphology with smaller agglomerate size and more uniformly distributed agglomeration, which agrees with the agglomerate size and cathode component distribution results from our previous work. 4 The elimination of these large pores and cracks by adding PEI could beneficially increase the bulk density of the LiFePO 4 cathodes. Agglomerate size within the cathode structure also affected the surface roughness as shown in Figure 3 . The 3D images of surface morphology of the LiFePO 4 cathodes were captured by an optical microscope and the scale bars were synchronized. High surface roughness was found on the cathode without PEI and appeared as "island-like" features. The number of islands dramatically decreased and the color was more uniformed with PEI, indicating much lower surface roughness. These island features were ascribed to large agglomerates, which cause high surface roughness and likely lead to cathode performance degradation. For example, the islands could undergo excessive pressure during electrode calendaring, introducing high mechanical stress to the agglomerate and leading to mechanical fracture and performance degradation. In addition, the islands could exert higher pressure onto the separators during operation, which compromises separator mechanical strength and introduces a safety issue. Furthermore, the high LiFePO 4 cathode roughness could increase the distance between electrodes and, consequently, increase the diffusion path length of Li ions resulting in inferior rate performance. Therefore, these potential negative performance and safety effects related to inconsistent agglomerate size and high surface roughness of the LiFePO 4 cathode without PEI addition can be mitigated by adding the appropriate amount of PEI into the electrode dispersion. It is noted that there seemed to be a thickness gradient in Figure 3c from top to bottom and (d) from left to right. This was not due to variation in electrode thickness, which was within 1%. Instead, it was attributed to the samples not completed flat and attached to sample holder when the images were taken. 4 cathodes.- Figure 4 shows the CV data for the LiFePO 4 cathodes with various PEI concentrations on the second cycle at a scan rate of 0.1 mV s −1 . There were two anodic peaks in the cathode without PEI. This could be attributed to bimodal distribution in agglomerate size or non-uniform contact between LiFePO 4 and carbon black. Larger agglomerate size and/or poor contact between LiFePO 4 and carbon black caused lower electronic conductivity, 25 which shifted the anodic peak to lower potential. The peak at ∼2.9 V was much less significant than its counterpart, was less pronounced for the cathodes with 0.5 wt% PEI, and disappeared when further increasing PEI concentration. The anodic peak at ∼2.9 V for the cathode without PEI was more significant at a higher scan rate as seen in Figure 5 , indicating it was related to a diffusion limited process. The disappearance of this anodic peak with PEI addition to the dispersions indicates improved diffusion rate as a result of smaller agglomerate size and more homogeneous distribution of the cathode components. The currents for the cathodic and anodic peaks were different due to the two-phase charge-transfer process during charge and discharge for LiFePO 4 , in which Li ions were most likely diffusing through regions with FePO 4 and LiFePO 4 . [26] [27] [28] The addition of PEI also increased the peak currents. The voltages for the cathodic and anodic peaks are listed in Table I . The separation between redox peaks ( V) was 0.65 V for the LiFePO 4 cathode without PEI. This large separation indicates significant concentration polarization in this cathode and that the electrochemical behavior was controlled by the Li ion diffusion step. In contrast, the V reduced to ∼0.50 V with PEI addition. The smaller V and higher peak currents with PEI addition is ascribed to both the lower ionic resistance of the LiFePO 4 solid phase resulted from smaller agglomerates and lower charge-transfer resistance for lithium-ion intercalation and de-intercalation, 16 which results from better dispersion of the carbon black in the cathodes and consequently higher electronic conductivity. CV provides the ability to calculate the Li-ion diffusion coefficient in lithium-ion batteries. 26, 29, 30 Li intercalation and de-intercalation can be assumed as a reversible reaction and the diffusion coefficient can be described by the Randles-Sevcik equation (for semi-infinite diffusion): 26, 31 
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where i p F , R, T, C * , v, A and D are the peak current in amperes, the Faraday constant (96485 C mol −1 ), the universal gas constant (8.314 J mol −1 K −1 ), temperature (K), the initial concentration in mol cm −3 , the scan rate in V s −1 , the electrode area in cm 2 , and the diffusion constant in cm 2 s −1 , respectively. Equation 1 can be rewritten at 25
• C as
where m is the electrode mass in g, C *
Li is the initial concentration of Li in LiFePO 4 in mol cm −3 , A e is the electrode area per unit mass in cm 2 g −1 , and D app is the apparent diffusion constant of Li-ion in cm 2 s −1 . C * Li is taken as the total amount of Li in a particle before delithiation and is 0.0228 mol cm −3 for LiFePO 4 since the bulk density and molecular weight of LiFePO 4 are 3.6 g cm −3 and 157.76 g mol −1 , respectively. A e is taken as the effective area of (010) plane since LiFePO 4 has a one-dimensional diffusion path in the (010) direction versus v 1/2 for the scan rates of 0.1, 0.2 and 0.5 mV s −1 (the cathodic peak current is proportional to the square root of scan rate). D app can be calculated from the slope of the linear fit and is also listed in Table I . The addition of PEI significantly increased the Li-ion diffusion coefficient. Maximum D app was obtained at 5.98 × 10 −14 cm 2 s −1 with 1.0 wt% PEI, 7× that without PEI. Figure 7 shows the half-cell specific capacities of the same LiFePO 4 cathodes charged and discharged at 0.2C. Compared to the LiFePO 4 cathode without PEI, the ones with PEI addition exhibited higher capacities and the initial specific capacities increased with increasing PEI concentrations, from 142 to 167 mAh g −1 (18% improvement) with PEI concentration increasing from 0 wt% to 2 wt%. The cathodes with PEI also demonstrated excellent capacity retention as shown in Figure 8 , ∼100% after 50 cycles, compared to the 92% for the cathodes without PEI. The capacity retention was over 100% for some cycles, especially for the LiFePO 4 cathodes with PEI addition because the capacity increased in the initial cycles, which is common for LiFePO 4 cathodes and attributed to the reintercalation of the deintercalated lithium via air and/or water exposure. 32 The LiFePO 4 cathode with 2 wt% PEI exhibited the best performance within the PEI concentration range investigated in this work, demonstrating 167 mAh g −1 (98% of the theoretical capacity) and 100% retention through 50 cycles when discharged at 0.2C. The improvement in capacities with PEI addition is partially ascribed to the well dispersed com- ponents in the cathodes improving electronic conductivity. Figure 9 shows the coulombic efficiency of the LiFePO 4 cathodes with and without PEI. All electrodes demonstrate excellent coulombic efficicency, above 95% except for the first cycle. The addition of PEI also improved the rate performance of the LiFePO 4 cathodes as evidenced in Figure 10 . Higher capacity was observed for the cathodes with PEI than the one without it from C/10 to 1C, and the capacity also increased with increasing PEI concentration. The capacity at C/5 at the end of the rate performance study was essentially identical to that at the beginning, indicating excellent cyclability. 
Conclusions
It has been demonstrated that the addition of PEI reduced the agglomerate size and surface roughness of LiFePO 4 cathodes. The reduction in the agglomerate size resulted in lower concentration polarization, a higher Li + diffusion coefficient and, consequently, better rate performance improvement from both a kinetic and diffusion standpoint. The addition of PEI reduced the concentration polarization of the LiFePO 4 cathodes and increased the Li + diffusion coefficient. In addition, the capacity of the LiFePO 4 cathodes increased with increasing PEI concentration. The LiFePO 4 cathode with 2 wt% PEI exhibited the highest capacity, 167 mAh g −1 capacity (98% of the theoretical capacity and 16% improvement compared to that without
